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Abstract 
Fillet weld is the predominant weld type used for connecting different elements e.g. in shipbuilding, offshore and bridge 
structures. One of prevalent research questions is the structural integrity of the welded joint. Post weld improvement techniques 
are being actively researched, as high stress areas like an incomplete penetration on the root side or fluctuations in penetration
depth cannot be avoided. Development of laser and laser-arc hybrid welding processes have greatly contributed to increase of 
production capacity and reduction of heat-induced distortions by producing single pass full penetration welds in thin- and 
medium thickness structural steel parts. Present study addresses the issue of how to improve the quality of the fillet welds by
welding the sealing run on the root side with defocused laser beam. Welds having incomplete or excessive penetration were 
produced with several beam angles and laser beam spot sizes on surface. As a conclusion, significant decrease or even complete 
elimination of the seam irregularities, which act as the failure starting points during service, is achieved.   
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
Laser welding and hybrid-laser-arc-welding (HLAW) are being more and more applied in ship-building, steel 
working and metal construction industries, being preferred for small heat input, higher quality and speed up the 
production. Replacing traditional GMAW welding with these processes allows more efficient production and energy 
saving by weight reduction, for example to weld stiffeners to thinner ship decks. One of the reasons that held back 
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the application of thinner metal sheets in steel construction is the damage caused by excessive heat input of 
traditional welding processes. Heat induced distortions are time-consuming and expensive to correct and limit the 
use of steel plates with thickness under 8 mm (at least) in ship building industry. Defects like underfill or excessive 
penetration cannot fully be avoided due to the structure of fillet joint. The combination of welding residual stresses 
with operating stresses to which engineering structures and components are subjected can promote failure by 
fatigue. Unrepaired distortion is also causing stress increase when compared to nominal stress level. However, 
autogenous laser welding and laser-arc hybrid welding are high efficiency processes producing narrow deep joints 
with smaller thermal distortions and are less prone for above-mentioned faults. Both processes are flexible, easily 
automatable and adaptable to manufacturing conditions in workshop or in field. Fillet welding with laser can be 
performed with various different techniques, autogenously and as a combination with arc welding processes as 
shown by Unt, et al. (2013).  It has been shown that hybrid laser welding is also suitable for fillet joint welding in 
case of aluminum by Wang Tao, et al (2013) and Mazar Atabaki, et al., (2014). Adding filler wire into laser welding 
process has been successfully introduced also in case of multipass welding to improve the maximum achievable 
penetration with certain laser power by Elmesalamy, et al., (2014). Adding the filler wire will increase the number 
of parameters considerably as observed in studies of Syed & Li, (2005) and Salminen (2010). 
Fillet weld is most common type of the joint in shipbuilding, energy and automotive industries (Deng, et al., 
2007). The joints made with laser welding and HLAW have smaller throat thickness and leg length than those made 
with GMAW, and deeper penetration, usually joining the two components fully throughout. In exploitation, the most 
stress sensitive places are discontinuities as undercuts or overlaps and sharp junction at the root side of the joint. 
Even with B class surface quality (EN ISO 12932:2013), the root of the weld might have problems such as melt 
flow through or minor lack of penetration that create geometry that acts as a notch when subjected to bending or 
impact forces.  
E.g. ship deck structures are typical example of this kind of T-joint where the attachment acts as non-load 
carrying stiffener. In fatigue respect these details are usually welded on both sides. In the fatigue assessment of non-
load carrying stiffener the flange is loaded with tension or out-of plane bending. This results that the fatigue crack 
will propagate from weld toe to the deck plate. Fatigue behavior is this way governed by the quality of the weld toe 
in the deck side. One sided fillet weld is not normally recommended since the lack of penetration results a sharp 
crack like imperfection. In the IIW fatigue recommendations (Hobbacher, 2007) the fatigue class for the as welded 
non–load carrying fillet weld is FAT 80 based on the nominal stress. For the root side the fatigue class drops down 
to FAT 71. In fatigue life this corresponds to 30% decrease. HLAW can reach a full penetration but the root is still 
in many cases prone to fatigue. Root side is difficult to control and thus weld root can have a sharp geometrical 
transition to loaded plate.  
Transition to use thinner materials is usually achieved by a new design or use of higher strength steels. This will 
lead to a complex structure or directly to higher stresses. In both cases, structures under fluctuating load will be 
more sensitive to fatigue failure. To overcome this, closer attention must be paid to stress analysis and quality of 
welds.   
Fatigue strength can be improved using several methods. Methods are used to shape weld toe geometry, remove 
initial cracks and possible introduce a compressive stresses (Haagensen, 2003). TIG dressing has similar 
improvement mechanism than a laser melting. Both methods melt the weld toe area, shaping it and removing 
possible initial cracks. Although re-melting can introduce new initial cracks, the heat input is smaller and the size of 
the initial cracks can be smaller. The IIW recommendation gives for the TIG dressing method a 1.5 improvement in 
fatigues strength, maximum strength set as FAT100. This way the fatigue strength of the root can be increased to 
equal or even higher than toe weld toe side. 
 The most of the improvement is gained with the large toe radius (Nykänen, et al., 2007). The weld flank angle 
has less importance if the toe radius is large. The resistance to fatigue is assessed in this study by visual inspection 
of the toe radius and overall quality of the weld-base metal transition.       
The purpose of this study is to examine the techniques for improving the quality of the fillet welds by welding 
sealing run to the root side with laser beam i.e. weld another small weld on the root side after welding to smoothen 
the weld toe and ensure better overall quality of weld root. As a basis of evaluation of weld geometrical properties, a 
welding speed map was created welding 8 mm thick structural steel plates in T-joint configuration autogenously 
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with 10 kW fiber laser, then welds were subjected to sealing run welding with laser beam outside of the focal plane. 
The shape and hardness of the joints was investigated, as the effect of sealing run on the soundness of the joint.  
2. Experimental procedures 
Ship building steel AB AH36 (ABS) plates 8 mm in thickness were joined in T-joint configuration in horizontal 
welding position (2F). Prior to welding, plates were tack welded together in the form of an inverted T. The 
experimental set-up used for the experiments is shown on Fig. 1.  
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Fig. 1. Left: experimental set-up used (MAG torch was not used in these experiments); right: the flowchart of experimental procedure. 
The IPG YLS-10000 continuous wave fiber laser having wavelength 1070 nm with maximum power output 10 
kW was used with Kugler LK190 full mirror optics laser welding head. Focal point diameter of the laser beam was 
0.56 mm, resulting from 300 mm focusing lens, 125 mm collimation lens and ø 200 µm process fiber. The shielding 
gas was not used. The length of each weld was 165 mm.   
2.1. Preparing the welds 
First step of the experiments was creating welds with different root geometries and various degrees of 
penetration. For this, joints were produced with nine different welding speeds while keeping other process variables 
constant. The welding parameters used are shown in Table 1.  
Table 1. Parameters used for preparing the welds for further root sealing experiments. 
Parameter Value 
Laser power (kW) 6 
Welding speed (m/min) 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5 
Defocus (mm)  -2 
Beam angle from flange (°) 6 
500   Anna Unt et al. /  Physics Procedia  56 ( 2014 )  497 – 506 
Joints having various degrees of penetration and weld root shapes were produced, and subsequently used as test 
specimens for the sealing run welding tests. The quality of the welds was evaluated based on ISO 13919-1 standard 
and categorized into three quality levels: B - stringent, C - intermediate, D - moderate (ISO 13919-1, 1996). 
2.2. Experiments with defocused laser beam  
Second step in experimental was determining the most useful parameters for the sealing run welding for 
treatment of the root sides of the welds produced in first step. The traverse speed of the beam and laser power were 
kept constant at 1.5 m/min in both of the test series. The centerline of the beam was kept at the junction of web and 
flange. The effects of focal point distance from the surface of the workpiece i.e. the effect of laser beam spot size on 
workpiece surface was studied together with the effect of the inclination angle of the laser beam.  The test variables 
are explained in Fig. 2 and used parameters are shown in Table 2. 
Fig. 2. Left: the beam diameters at focal point distances used in this study; right:  focal point distance d and beam angle ȕ from the flange. 
Table 2. Parameters used for determining best possible melting values 
Parameter Value 
Laser power (kW) 3 
Welding speed (m/min) 1.5 
Focal point position (fpp), d  (mm)  20, 25, 30, 35, 40, 45 
Beam angle from flange , ȕ (°) 6, 10, 15, 22.5, 30, 37.5, 45, 50 
2.3. Sealing run welding tests 
After examining the cross-sections produced by larger laser spot on surface, the root sides of five chosen welds 
were treated using beam with high focal point position. These welds were selected based on visual appearance of the 
root side in as-welded state, ranging from large amount of melt at low welding speed (0.5 m/min) to no melt at all at 
highest welding speed tested (2.5 m/min).  Root side of each weld was tested with two different beam intensities 
selected according to previous experiments. Experimental parameters are shown in Table 3 below. 
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Table 3. Process parameters and variables in the sealing run welding tests 
Parameter Value 
Laser power  for welding (kW) 6 
Laser power for sealing run (kW) 3 
Welding speed (m/min) 0.5, 1.0, 1.5,  2.0, 2,5 
Welding speed sealing run (m/min) 1.5 
Focal point position (fpp) (mm)  25,  40 
Beam angle from flange (°) 6 (welding), 45 (sealing run)  
Afterwards, three cross-sections were selected from each weld: one from part of the weld in as fillet welded state 
and two from sections with sealing run welded, respectively. Samples were polished and etched using Nital solution 
(a 2% mixture of ethanol and nitric acid), macrographs of the weld cross sections were taken for inspection of 
penetration, defects, dimensions and shape of the fusion and heat affected zones. 
Vickers hardness (HV5) was measured from the fusion lines of all the welds to determine the highest values in 
each weld; also the fusion zone was tested. The hardness of the sealing run welds was also measured, to evaluate 
whether there is an increase after secondary run. Four indentations were made in top, root and middle of the weld, 
and the values of each measuring position were averaged.  Hardness of sealing run welds on the root side was also 
measured along newly formed fusion lines of the melt zone.      
3. Results and discussion  
3.1. Joint morphology and shape  
First of all, T-joints were produced autogenously by laser, keeping identical conditions for all other parameters 
except the welding speed, which was increased from 0.5 m/min to 2.5 m/min at 0.25 m/min steps.  
Fig. 3. Cross sections of the joints welded with 6 kW laser power, defocus -2 mm and welding speeds ranging from 0.5 m/min to 2.5 m/min. 
502   Anna Unt et al. /  Physics Procedia  56 ( 2014 )  497 – 506 
Macrographs of cross-sections were taken for each welding speed covered. Fig. 3 shows the changes of the weld 
shape and depth of penetration as welding speed is increased. As a result of this test series, welds with excessive 
penetration (0.5 and 1 m/min), full penetration (1 and 1.25 m/min) and various degrees of lack of penetration were 
produced (1.5 – 2.5 m/min). All of the produced welds were free of most commonly occurring welding defects such 
as spatter, cracks, porosity or undercuts.  
As Fig. 3 shows, welding speeds less than 1.5 m/min produce fully penetrated joints having excessive melt at the 
root side, which gradually decreases as the welding speed is increased. At 1.5 m/min, the joint is beginning to lose 
its soundness, as the melt in the root side is not continuous throughout whole weld, but, rather occurring as droplets. 
When the welding speed is more than 1.5 m/min, the underfill can be seen and the web and flange are separated at 
the root. The area of the fusion and heat affected zones is shrinking as welding speed is increasing, at 1.5 m/min, the 
full penetration is lost, as energy input is not sufficient. Minor amount of melt can be observed pushing through and 
creating minor root occasionally forming metal pearls on root side and occasional lack of penetration. This 
phenomena is well known also in case of butt joint where slightly low energy input is forming, due to instable 
keyhole, similar root (Salminen, et. al 2010) At welding speeds above 1.75 m/min there is evident lack of 
penetration, however the joints produced are free of any other welding defects.  
Welding speeds 0.5 m/min and 0.75 m/min in Fig. 2 shows a full penetration with good weld toe geometry in the 
root side. On the stiffener side weld toe there is a sharp transition, but in the 0.5 m/min speed it is far from the lateral 
plate that it is not necessarily critical. With the 0.75 m/min speed the weld toe is so close to the loaded plate that 
fatigue crack might start to grow from there. Except for the slowest speed root side requires a post-weld treatment to 
improve the fatigue behaviour of the detail. 
3.2. Effect of welding speed on penetration depth and hardness of the welds 
From the results of Vickers hardness test at 1 mm depth from the face and root and from the middle of the 
specimen, it was found that there were only small differences between all measuring points, suggesting that 
transformation to martensite during cooling was happening at similar rate. Additional re-melting of the root side 
during the sealing run welding did not change the hardness regardless whether the root side originally had an 
excessive melt or lack of thereof. The results of hardness test are summarized in Fig. 4. 
Fig. 4. Left – the averaged hardness of the fusion lines +/- 5% (red line marking the upper acceptable limit); right – the penetration dependence 
on line energy. 
The hardness in the fusion lines of all the welds and was ranging from 360 to 410 HV5, all welds with exception 
of one made with welding speed 2.5 m/min fulfil the criteria stated in Classification Society guidelines for laser 
welding in shipbuilding (Lloyd’s Register of Shipping, 1996) having hardness below 400 HV5 (shown by red line in 
Fig. 4 left). The hardness of weld zone was alike in all of the welds, fluctuating around 350 HV5. From Fig. 4 right, 
it can be seen that the line energy mainly has effect on the dimensions of the weld and heat affected zone. T-joints 
welded with higher speed have very narrow fusion zone (less than 1 mm wide at the end), and while there may be 
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enough power available to melt the steel to 7 mm depth, the slight misalignment of the beam along the joint might 
cause a loss of penetration, as weld made with 2.25 m/min shown in Fig. 4 right demonstrates.      
3.3. Effect of beam defocusing and variation of the beam incline angle  
Fig. 5 shows the shape changes when focal point position is being increased. The diameter of focused beam is ~ 
0.6 mm, expanding to ~ 2 mm at focal point position of 20 mm, which was chosen to be the starting point for sealing 
run welding experiments.  
Fig. 5. The cross-sections of the tracks formed while gradually shifting focal point position. Laser power 3 kW, beam angle 45°, welding speed 
1.5 m/min. Focal point distance: A -20, B-25, C-30, D-35, E-40, F-45, G-50 mm. 
From Fig. 5 can be seen the effect of focal point position or actually the spot size on surface on the weld cross-
section. The weld toe radius increases when the focus distance is getting longer, simultaneously with the long focal 
point distance the penetration is decreased. In Fig. 5 A and B the intensity of the laser beam seems to be high 
enough to form a keyhole. From D to E the process is more similar to conduction mode laser welding, and in F and 
G energy density is even lower, forming a shallow and wide weld nugget. Fig. 6 shows the effect of the beam incline 
angle on shape and size of the weld. 
Fig. 6. The shape of the track when laser beam incline angle was varied 6°-45°. Laser power 3 kW, focal distance 40 mm. 
From Fig. 6 it can be seen that inclination angle of 45 degrees is most reasonable of all that were tested. Angles 
from 22.5 to 37.5 has a smaller radius fillet in the undercut. Angles smaller than 22.5 degrees were looked at as 
potentially beneficial for cases where there is a melt overflow on the root side of the weld. Also they resulted in a 
very smooth transition to base plate. Especially 15 degree angle case has a beneficial geometry against to fatigue 
failure. However because of the potentially better all-round melting ability, a 45 degree angle was chosen for the 
root sealing experiments.   
3.4. Sealing run welding tests   
Re-melting during sealing run welding increased the quality of the root side regardless of its initial state. Fig. 7 
shows the top views of the root sides of the welds prior and after the sealing run welding. Sealing runs made with 
both of the focal point positions improved the root side profile and smoothed out any discontinuities.    
As can be seen from Fig. 7, all of the sealing run welds, done either with 25 mm or 40 mm focal point distances, 
are similar to each other. The main difference between the two focal point distances used is the width of the weld, 
Fpp 25 mm produced a narrower bead than Fpp 40 mm. Fig. 8 shows the cross-sections of the welds presented in 
Fig. 7.   
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Fig. 7. The weld root appearances before the sealing run welding and after the sealing runs made with 25 mm and 40 mm focal distances. 
Fig. 8.Macrographs of the cross-sections of the weld samples with and without welding of the sealing run. 
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To compare the outcomes of the root sealing, the transverse sections showing the penetration and root 
characteristics of the welds are collated in Fig. 8.  None of the welds shown in Fig. 8 have welding defects such as 
cracks, pores or undercut in the root side. Sealing run welds have shown to compensate for original lack of 
penetration occurring with fastest welded fillets, however in welds having none of the root side melt formations 
from the primary run the sealing pass is a bit digging into the material, causing a flaw called root concavity.  
The beam angle used in all of the sealing run experiments was 45°, and such flaw is likely avoidable if the beam 
incline angle is smaller, in between of 20°- 30°. The smaller beam spot, at 25 mm focal point distance, is more 
suitable to be applied in cases when there is an excessive melt on the root side (Fig. 8 D, G), while larger spot size 
(Fpp 40, Fig. 8 J, M) is more beneficial when lack of penetration of first weld is evident. With the slowest speed the 
root side seem to have good geometry even before the seam runs. If this kind of root quality is constant the weld 
detail does not benefit from the seam weld. In the cases of faster welding speeds, sealing weld clearly improves the 
quality of root side and extends the fatigue life of the detail.   
4. Conclusions 
In this paper, the influence of sealing run welding with de-focused laser beam on the weld quality of the 8 mm 
thick AH36 fillet joint has been investigated.  
Welding of a T-joint with fillet weld from one side is a demanding case when full penetration is required. The 
control of the root side of penetration can be too difficult a case. In this study the quality of the T-joint laser welds is 
good, corresponding to quality levels B and C.  
The quality of the C class welds can be improved by sealing run welding, which eliminates the root side defects 
such as irregular melt formations and eliminates minor lack of penetration.  
The improvements in weld quality will result in improved reliability and longer fatigue life under service.  
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